Population genetic variability and phylogeographical structure of the Dover sole, Microstomus pacificus (Teleostei: Pleuronectidae), were examined along the continental slope of the northeastern Pacific Ocean using sequences of the left domain of the mitochondrial DNA (mtDNA) control region. Six sites were sampled in three primary biogeographical provinces (based on surface water temperatures), ranging from the subarctic to the warm temperate zones. Many haplotypes were discerned, totalling 90 for 110 individuals. Neighbour joining and parsimony analyses of the entire data set showed that some groups of haplotypes of adult Dover sole were widely distributed, suggesting either panmixia or homoplasy and reversals. However, a substantial number of groups of related haplotypes were geographically circumscribed, and there were significant differences among sites in the distribution of restricted haplotypes (based on a reduced number of characters), supporting geographical structure. Geographical differentiation of populations appeared to be consistent with the member-vagrant hypothesis for retention of the pelagic larvae in currents and recruitment to adult habitats, reducing long-distance dispersal. Results of this study indicate phylogeographical structure among some populations, despite extended pelagic larval periods, and apparent environmental homogeneity in the adult habitats along the continental slope.
Introduction
The member-vagrant hypothesis of Sinclair (1988) suggests that marine larvae that survive to settle in appropriate habitats are passively and/or actively retained (see Marliave 1986) in major coastal currents (see Fig. 1 ). Members are individuals that are the most fit, i.e. those recruiting to appropriate habitats housing other adults. Vagrants are individuals that have greater dispersal, risking the inability to find a suitable habitat (and loss to the gene pool). Pelagic larvae thus may be selected for their ability to track currents (passively and/or actively), enabling them to recruit to habitats housing adult populations (Sinclair 1988) . Larval retention would reduce gene flow among different major current systems, such as the Alaskan Gyre and the California Current systems of the northeastern Pacific Ocean tested in this study (Fig. 1 ). Barriers to dispersal by major current patterns and corresponding larval retention driving successful recruitment would produce geographical clustering and regional divergence of genotypes. For example, population genetic structure in anadromous smelt corresponded to possible ecological larval retention areas based on suitable habitat (Bernatchez & Martin 1996) . Gene flow and genetic divergence in marine animals with planktonic larvae thus may be structured by larval retention areas, which would be reflected in the genetic divergences among adult populations in patterns related to transport and recruitment. If larval retention occurs, then relationships among populations would be related to current and gyre patterns ( Fig. 1 ) and would show inconsistencies from an isolation-by-geographical-distance model.
Hypotheses of the present investigation were: (the null hypothesis; Ho) that there are no significant geographical patterns of genetic divergence in Dover sole Microstomus pacificus (Teleostei: Pleuronectidae) along the deep continental slope of the northeastern Pacific Ocean, i.e. panmixia is supported; or that patterning occurs (the alternative hypothesis; Ha), suggesting either larval retention (Ha1) and/or isolation by distance (Ha2). The adult habitat of the Dover sole is restricted to a narrow coastal band of the deep continental slope (640-1000 m), which is usually less than 50 km wide and ranges from the Bering Sea, Alaska, to Baja California, Mexico (Hunter et al . 1990 ; Fig. 1 ). The continental slope is a relatively uniform and stable environment characterized by soft substrates, temperatures of 3-6 ° C and low oxygen levels (concentrations from 0.27 to 0.36 mL/L) comprising the 'oxygen-minimum zone' (OMZ; Hunter et al . 1990; Low 1991) . The Dover sole has very low aerobic and anaerobic metabolic rates (in comparison with shallower-water pleuronectids; Vetter et al . 1994) , is believed to have low predation pressure in the OMZ and shunts most of its available energy into reproduction (Hunter et al . 1990) . M. pacificus is highly k-selected; with extremely slow growth rates, reproduction commencing at age 7 years and a lifespan to 60 years (Hunter et al . 1990) . Its effective population sizes are believed to be large, at present (Low 1991) .
Tagging studies suggest that adult Dover sole move little; for example, Quirollo & Kalvass (1987) found 45% of tag returns within 1 km of the release point. Adults appear to gradually move down the continental slope into deeper waters as they become older (Hunter et al . 1990 ). Low dispersal of adults suggests that gene flow primarily occurs during the pelagic egg and larval stages. The Dover sole spawns at depth and most of the spawning individuals can be found at ≈ 1000 m. Most eggs reach the top 16 cm of the sea surface within the first day, and the pelagic egg stage lasts 20-30 days, during which time currents transport them (Lo et al . 1993; Butler et al . 1996) .
M. pacificus is about 6 mm in standard length (SL) at hatching, lives pelagically for 9 months to greater than 1 year (Pearcy et al . 1977; Markle et al . 1992; Butler et al . 1996) and then transforms to a benthic juvenile at 20-45 mm SL (Ahlstrom & Moser 1975; Ahlstrom et al . 1984) . Markle et al . (1992) suggested that eggs and larvae spawned off Oregon could drift as much as 500 km to the south during 1 year of pelagic life. However, most older larvae surveyed by Butler et al . (1996) and Toole et al . (1997) were collected near the shore and near the bottom. Poleward-flowing undercurrents are found along the bottom, over the mid-and outer continental shelf areas (Huyer et al . 1989) , where Dover sole larvae are most abundant. Butler et al . (1996) postulated that late larvae and pelagic juvenile Dover sole would be transported northward in the countercurrent, compensating for southward transport during the initial life-history stages. These movements may counteract panmixia and produce distributional patterning, a possibility examined in the present study.
The present investigation tested levels and patterns of genetic variability in the Dover sole, using mitochondrial DNA (mtDNA) sequences of the left domain (adjacent to tRNA proline) of the control (or D-loop) region. Sequences of the left domain of the mtDNA control region have been useful for analysing spatial patterns of population genetic divergences in other groups of marine fishes (e.g. Bremer et al . 1995 Bremer et al . , 1996 Stepien 1995; Bowen & Grant 1997; Grant & Bowen 1998 ). This study examined whether biogeographical patterning of genetic variation occurs along the relatively homogenous environment of the continental slope. Few studies have investigated the population genetics of slope fishes (e.g. Siebenaller 1978; Smith 1986; Stepien 1995; Smith et al . 1997) .
Latitudinal range of M. pacificus is so extensive that it provided a test of whether population genetic relationships in deeper sea habitats are influenced by major oceanic circulation patterns nearer the surface (such as the Alaskan Gyre and the north-to-south flow of the California Current; Fig. 1 ), during pelagic, early lifehistory stages (Sinclair 1988) . Larvae of Dover sole occupy the same geographical range as adults, but live in the variable surface waters where they encounter high predation and large fluctuations in temperature, currents and food supply. Dispersal during the long, planktonic larval period (Pearcy et al . 1977; Butler et al . 1996) may result in high levels of gene flow, negating geographical patterns. Dispersal and gene flow would result in an isolation-by-geographical-distance pattern and little genetic divergence among populations located in close proximity (Avise 1994) .
The Dover sole is one of the more abundant fishes along the continental slope (Yang et al . 1992; Adams et al . 1995) and comprises one of the largest commercial ground fisheries in the northeastern Pacific (Hunter et al . 1990; Low 1991) . Present levels of exploitation by the commercial trawl fishery (Low 1991) , coupled with the k-selective life history of the Dover sole (Hunter et al . 1990) , suggest that populations may become rapidly diminished. Determining the level of genetic diversity and assessing whether geographical patterns of variation occur may be critically important for the maintenance of this species (Stepien 1995) .
Materials and methods

Samples
Genetic variability of the Dover sole was compared among six sites (shown in Fig. 1 ), whose geographical classifications according to surface water temperatures were adapted from Briggs (1974) : the subarctic (Seward, Bering Sea, Alaska, site 1, N = 17), the northern cold temperate (Cape Arago, Oregon, site 2, N = 16; and Cape Mendocino, northern California, site 3, N = 19), the southern cold temperate (Monterey Bay, central California, site 4, N = 17; and Morro Bay, central California, site 5, N = 19) and the warm temperate (off San Diego, southern California, site 6, N = 22). The Alaskan sampling site was widely separated from the other locations (2500 km from Cape Arago) and the Monterey Bay and Morro Bay sites were located the most closely together (200 km; Fig. 1 ). The next most closely spaced sampling sites were Cape Arago and Cape Mendocino (300 km). Samples sequenced included 110 Dover sole, Microstomus pacificus , and 11 slime sole M. achne (the hypothesized sister species; Sakamoto 1984), which was used as the outgroup. Slime sole were collected off Abashiri on the island of Hokkaido, Japan in the Sea of Okhotskoff (site 7, Fig. 1 ).
DNA isolation, amplification and sequencing
Tissues, which included muscle and/or liver, were either fresh frozen in liquid nitrogen or on dry ice and then stored at -80 ° C. Frozen tissues were ground in liquid nitrogen and DNA was extracted and purified, following methods previously described (Stepien 1995) . Procedures and primers for amplifying the variable left domain of the mtDNA control region using the polymerase chain reaction (PCR) followed Kocher et al . (1989) , Meyer et al . (1990) and Stepien (1995) . Sanger dideoxy sequencing (Sanger et al . 1977) , using Sequenase II (Amersham), was performed using the purified single-stranded DNA as a template and the complementary primer. Both strands were sequenced separately for verification. Sequencing procedures were as described in Stepien (1995) . Sequences of the most common haplotypes of M. pacificus and M. achne were deposited in GenBank (Accession nos: AF104862 and AF104861).
Data analysis
Alignment and comparisons located sequence structures in the mtDNA control region with other groups of fishes (e.g. Digby et al . 1992; Lee et al . 1995; Stepien 1995) . Levels of inter-and intrapopulation genetic diversity were quantified by indices of haplotype diversity ( h ; Nei & Tajima 1983) and by the maximum-likelihood estimation of the average number of nucleotide substitutions per site within (nucleotide diversity -π ; Nei 1987) and among populations (nucleotide divergence -d xy; Nei & Tajima 1983; Nei & Miller 1990) , using the program da 2 in the reap 4.0 software package (McElroy et al . 1992; McElroy 1997 Sequence differences among individual haplotypes and species were analysed by clustering of overall percentage sequence divergences among haplotypes using genetic distances and the neighbour joining (NJ) algorithm (Saitou & Nei 1987) in mega (version 1.01, Kumar et al . 1993) . Standard errors of genetic distances and branch lengths were computed according to Kumar et al . (1993) . Relationships also were analysed with 100 heuristic searches, with random number seeds and consensus analysis, using paup * (4.0, version d64, Swofford 1998) with M. achne as the designated outgroup. Bootstrap values from 1000 replications were used to compare support of the data set for individual nodes of the trees ( mega ; Kumar et al . 1993; Swofford et al . 1996) . Consensus analyses of the shortest trees from paup * using the 50% majority rule (Margush & McMorris 1981) criterion were employed to compare relationships among haplotypes that were best supported by multiple parsimonious trees.
The number of haplotypes in the data set was reduced, in three different ways, to facilitate statistical comparisons of their distribution among the sampling sites and biogeographical provinces. In the first method, the data were examined for transversional substitutions alone (Bowen & Grant 1997) ; however, their rarity precluded this type of analysis (see the Results). In order to eliminate probable evolutionary noise, yet retain signal, a second approach was used to reduce the number of overall haplotypes to 20 or fewer, so that the average expected frequency of each haplotype (assuming equal representation) would be 0.05 or above. The precedence is that rare alleles occurring in fewer than 5% of individuals are often excluded from allozyme data analyses (Stahl 1987; Swofford et al . 1996) . In the Dover sole data set, transitions occurring in fewer than 14 individual haplotypes, and transversions found in fewer than five, were eliminated. Variable nucleotides that were extremely common, occurring in more than 25 individual haplotypes from widespread locations, were likewise eliminated. Those hypervariable sites were the apparent products of multiple evolutionary substitutions, reducing signal (see Kocher & Carleton 1997) . Analysis of molecular variance ( amova, version 1.55; Excoffier et al . 1992; Excoffier 1995) was used to test the hierarchical partitioning of genetic variability in the overall and reduced-haplotype data sets among vs. within sampling sites and biogeographical provinces. amova analyses utilized Euclidean distances based on the numbers of nucleotide differences among pairs of the reduced-character haplotypes. amova analyses used equal distances (thereby excluding the information from number of substitutions between haplotype pairs) for comparisons among the overall data set and that based on clusters in the NJ tree (see below). Sampling sites and/or biogeographical provinces were considered significantly different from one another if the measured variance was lower than 95% of the variance in the null distribution from 1000 randomly permutated matrices (Excoffier et al . 1992) . Probabilities of the multiple simultaneous tests between pairs of sample sites were adjusted with a Bonferroni correction that divided the alpha level by the number of pairwise comparisons (Fry et al . 1993) . The relationship of ϕ ST and geographical distance between pairs of sampling sites was tested with correlation and least-squares regression analyses (Sokal & Rohlf 1981 ) using Excel (1997 .
The third approach to reduce variability tested the distribution of individuals from sites within and among the haplotype clusters in the NJ tree (following Bremer et al . 1995 Bremer et al . , 1996 . Individual haplotypes were grouped as clusters according to bifurcated nodes separated by a genetic distance of at least 0.0015 ( Fig. 2 ) and the requirement that each group contain three or more haplotypes (a single exception was made by grouping together three disparate singleton haplotypes that were located basally on the tree). amova (Excoffier et al . 1992; Excoffier 1995 ) was used to compare the distribution of haplotype clusters within and among pairs of sites and biogeographical provinces using equal distances and a Bonferroni correction (Fry et al . 1993) .
Results
Variation in the control region and comparison with Microstomus achne
Sequences of the tRNA-proline region (bases 1-49) and the left domain of the control region (bases 50-471) for M. pacificus and M. achne are given in Appendix I. The putative termination activation sequence (TAS) region extended from bases 106 to 117. The left domain of the mtDNA control region was highly variable at the population and species levels in Microstomus. The central conserved section, corresponding to nucleotides 392-471, terminated in the conserved sequence block-D (CSB-D; bases 453-471).
The overall diversity of haplotypes was extensive, totalling 90 different haplotypes among the 110 Dover sole sequenced (Table 1) , based on variation through nucleotide position 422 (some data were discarded because Kumar et al. 1993 ) from genetic distances among Dover sole Microstomus pacificus haplotypes. The NJ tree was rooted to M. achne. Branch lengths are indicated by decimals, and levels of bootstrap replication support above 50% are given in percentages. Shared haplotypes are indicated and the number of individuals having each are in parentheses. Clusters are lettered and were used for analysis of molecular variance (amova; Excoffier 1995), as shown in Tables 5 and 6 . Table 1 Haplotype data based on the entire data set of variation in the left domain of the mitochondrial DNA (mtDNA) control region sequences for the Dover sole, Microstomus pacificus Nucleotide position 0 0 0 0 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 7 7 8 8 4 5 6 6 0 1 1 1 2 2 2 2 2 2 4 4 4 4 4 5 5 5 6 6 6 6 6 7 8 9 9 0 1 3 4 4 4 5 5 7 9 Haplotype 2 5 0 6 9 1 6 7 7 0 8 9 0 1 3 4 5 6 0 3 4 5 6 0 5 6 0 2 7 8 9 7 4 7 8 8 1 2 1 4 7 6 7 9 0 A dot indicates homology with haplotype shared 1, which was used as the reference consensus sequence. Numbers in parentheses denote the no. of specimens having that haplotype, where N > 1. Shared haplotypes were those found in multiple sites.the final sequence portion was not resolved for some individuals). Only seven haplotypes were shared among two or more individuals, and 83 (78.6%) thus had unique haplotypes. There were six haplotypes among the 11 slime sole sequenced, comprising 27% of the individuals.
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Five of the seven shared haplotypes among M. pacificus were represented in two or more sites (Table 1) . Shared haplotype 1 was the most common, occurring in 11 individuals and at all sites (Alaska, N = 1; Oregon, N = 2; northern California, N = 3; Monterey Bay, N = 1; Morro Bay, N = 2; San Diego N = 2). Shared haplotype 2 was found in Alaska ( N = 2) and northern California ( N = 2), and shared haplotype 3 occurred in Oregon ( N = 2) and Morro Bay ( N = 2). Shared haplotype 4 was endemic to central California (Monterey Bay, N = 1; Morro Bay, N = 1). Shared haplotype 5 was located in central and southern California (Morro Bay, N = 1; San Diego, N = 1). Two of the shared haplotypes occurred in two individuals each and were geographically restricted to single sites (Oregon 11; Morro Bay 12 in Table 1 . . . A . G . . . . . . . . . . G Nucleotide position 0 0 0 0 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 7 7 8 8 4 5 6 6 0 1 1 1 2 2 2 2 2 2 4 4 4 4 4 5 5 5 6 6 6 6 6 7 8 9 9 0 1 3 4 4 4 5 5 7 9 Haplotype 2 5 0 6 9 1 6 7 7 0 8 9 0 1 3 4 5 6 0 3 4 5 6 0 5 6 0 2 7 8 9 7 4 7 8 8 1 2 1 4 7 6 7 9 0 Numbers refer to nucleotide positions, given in Appendix I. A dot indicates homology with haplotype shared 1, which was used as the reference consensus sequence. Numbers in parentheses denote the no. of specimens having that haplotype, where N > 1. Shared haplotypes were those found in multiple sites. genetic distances among the haplotypes of M. pacificus ranged from 0.002 ± 0.002 to 0.035 ± 0.008 (Fig. 2) . A total of 51 positions were substituted among the haplotypes, including nine sites that had two substitution types each (Appendix I). There were 60 nucleotide substitutions in the Dover sole sampled, including 47 transitions and 13 transversions.
Population variability
Haplotype diversity ( h ) within sampling sites of Dover sole was similar in all locations surveyed, averaging 0.992 ± 0.00001 and ranging from 0.980 ± 0.028 in northern California (Cape Mendocino) to 1.000 ± 0.022 in Alaska and Monterey Bay. Nucleotide diversity ( π ) within sampling sites averaged 0.0138 ± 0.0041, ranging from 0.011 ± 0.004 in northern California to 0.015 ± 0.0066 in Alaska. Nucleotide diversity ( π ) and nucleotide divergence ( d xy) among pairs of sites are given in Table 2 . Nucleotide diversity among sites averaged 0.0138 ± 0.0007, ranging from 0.0110 between Morro Bay and San Diego to 0.0157 between Alaska and Monterey Bay. Nucleotide diversity within and between sites was thus approximately the same. Nucleotide divergences among pairs of locations averaged 0.0010 ± 0.00008, ranging from 0.0005 between Monterey Bay and San Diego to 0.0017 between Alaska and Oregon. The greatest divergences occurred between Alaska and the other sites. Nucleotide diversity and divergences among grouped data for the three primary biogeographical zones are given in Table 3 . The divergence between the subarctic and the warm temperate provinces was greater than that between the subarctic and the adjacent cold temperate province.
Phylogeographical relationships and distribution of haplotypes
NJ analysis of pairwise distances ( mega , Kumar et al . 1993 ) among the entire Dover sole haplotype data set suggested several regional groupings (Fig. 2) . For example, of the Alaskan fish sampled, six individuals (35% of the total) belonged to an endemic cluster of haplotypes (E; Fig. 2 ). Among the northern cold temperate samples, seven from Oregon (44% of those sampled) were most closely related to each other (group L). Three haplotypes from Monterey clustered together (O; 16%) and four from Morro Bay (R; 21%). Four haplotypes from San Diego each clustered together in three separate groups (B, I and S; totalling 55%). Few clusters were supported by significant bootstrap values and divergences among them were not greater than those within them. Mean π among populations = 0.0138 ± 0.0007. Mean dxy among populations = 0.00100 ± 0.00008. Mean π among provinces = 0.0142 ± 0.0032. Mean dxy among provinces = 0.00101 ± 0.00005.
Some regional trends were observed in the nucleotide polymorphisms that characterized haplotypes (Table 1) , supporting common mutational origin and groupings on the NJ tree (Fig. 2) . For example, a polymorphism at base 332 was observed exclusively in individuals from Alaska and characterized nine of the 14 endemic haplotypes. At nucleotide site 149, a transition to guanine was found in six haplotypes from Alaska, eight from Monterey Bay and one from Morro Bay. At base 268, four of the 11 endemic haplotypes from Oregon had a unique transversion that also characterized a single haplotype from Alaska. A transition to cytosine at base 207 occurred in 11 of the 19 unique haplotypes endemic to San Diego and in a single individual from Alaska (Table 1) .
Repeated heuristic searches using paup * 4.0 (Swofford 1998) were uninformative as a great number of mostparsimonious trees were obtained and consensus analyses collapsed all nodes. This was caused by the prevalence of single point mutations distinguishing individual haplotypes, which also resulted in low bootstrap values in the NJ tree (Fig. 2) .
Tests for divergences among populations
Tests of the data based on transversional substitutions were not informative as there were few transversions in the data set ( N = 10) for Dover sole (Table 1) . Most transversions were singletons ( N = 7) and only one was shared among five or more individuals (at nucleotide position 268). Therefore, insufficient transversional variation was discerned to test for similarity/differences among the sample sites.
Tests of the reduced-character haplotype data, based on transversions occurring in five or more haplotypes and on transitions occurring in 14-24 haplotypes (see the Materials and methods), yielded 19 different haplotypes (shown in Table 4 ). Analyses that tested for partitioning of genetic variation ( amova ; Excoffier et al . 1992 ) revealed significant differences among some pairs of sample sites (Table 5) , as well as among locations overall (Table 6) . Specifically, samples from Alaska significantly diverged from the most southerly sites (Monterey Bay, Morro Bay and San Diego; Fig. 1 ). Haplotypic distribution of the Cape Arago, Oregon, sample differed significantly from all others except with those from Alaska and Morro Bay. Samples from Cape Mendocino, northern California differed from sites immediately north (Cape Arago) and south (Monterey Bay), but not from the most northerly (Alaska) and southerly locations (Morro Bay and San Diego). Samples from Monterey Bay differed significantly from all other locations. Frequencies of haplotypes at the Morro Bay and San Diego sites were statistically similar (Table 5) .
amova tests (Excoffier 1995) , based on the entire data set of 90 haplotypes, were not informative (Table 6C) , owing to the preponderance of singleton haplotypes. In 
This data set was used for analysis of molecular variance (AMOVA) in Tables 5 and 6 . CA, California.
contrast, amova analyses of the 19 reduced-character haplotypes showed that 72% of the genetic variance occurred within locations and there was significant partitioning of variation among sample sites overall (totalling 18%; Table 6A ). Variation among biogeographical provinces was not significant (Table 6 ). Significant differences occurred among nine of the 15 pairwise comparisons among sites and did not mirror geographical proximity (Table 5 ; Fig. 3 ). Correlation and least-square regression analyses (Sokal & Rohlf 1981; Excel 1997) showed no relationship between ϕ ST and geographical distance, which are plotted in Fig. 3 . Values indicate ϕ ST and the probability (P) of obtaining a random number greater than the value from 1000 permutations. *Denotes a significant difference at P < 0.0045, which is the 95% confidence level using a Bonferroni correction for multiple simultaneous tests (Fry et al. 1993) . Below the diagonal are tests based on the restricted character haplotypes from P is the probability that the random distance (ϕ ST ) > the observed distance from 1000 iterations (Excoffier et al. 1992) . A. Tests based on the 19 restricted-character haplotypes from Table 3 , which used Euclidean genetic distances (net number of substitutions) among haplotype pairs to evaluate the amount (as well as the distribution) of divergence (see the Results and Excoffier et al. 1992) . B. Tests based on the 19 haplotype clusters from the neighbour-joining (NJ) tree in Fig. 2 , which assumed equal distance among haplotypes and thus evaluated only whether there were differences in the distribution of haplotypes (see the Results). C. Tests based on the entire data set (90 haplotypes), which also assumed equal distance among haplotypes (see the Results). Table 6 Analysis of variance of pairwise genetic distances among Dover sole mitochondrial DNA (mtDNA) control-region sequence haplotypes (Table 5 ) estimated by analysis of molecular variance (amova; Excoffier 1995) In order to further test for phylogeographical patterning among sites, the data also were analysed according to their representation in the 19 haplotype clusters (A to T) on the NJ tree ( Fig. 2) using amova (Excoffier et al . 1992; Excoffier 1995) . Results showed significant differences among eight pairwise comparisons, of which five differed from those obtained with the reduced character set (see above; Table 5 ). Significant differences occurred only between the most northerly sites (Alaska and Oregon) vs. the others. Results for overall partitioning of variation among sites were significant, but were less in magnitude than those obtained with the reduced-character haplotypes (Table 6 ). There was also no significant divergence among surface water biogeographical provinces. Again, there was no relationship between ϕ ST and geographical distance ( Table 5 ). The cluster approach was regarded as more problematic than the reduced-haplotype data analyses (summarized above), owing to the low bootstrap support for nodes and the lack of clear divergence demarcation among clusters. The results from the reduced-character analysis are thus emphasized in the Discussion.
Discussion
Population genetic variability
The present investigation demonstrated high levels of haplotypic diversity ( h ) -which is equivalent to heterozygosity or gene diversity (Nei 1987 ) -within locations, averaging 0.99 ± 0.00001 (see the Results), with most individuals having unique haplotypes. Values for h were congruent with those in populations of thornyheads Sebastolobus (Scorpaenidae), including S. alascanus and S. altivelis from the northeastern Pacific continental slope, based on mtDNA control-region sequences from the same sample areas (Stepien 1995, unpublished) . In S. alascanus , 79 of 93 individuals and 44 of 55 S. altivelis had unique haplotypes (Stepien unpublished) . Levels of nucleotide diversity ( π ; based on frequencies of haplotypes and the sequence divergences among them) within sites were moderate to low (Nei 1987; Bowen & Grant 1997) , averaging 0.013 ± 0.004 for Dover sole (see the Results). The thornyheads also had moderate-to-low π within sites (Stepien 1995, unpublished) . Similarly, Bowen & Grant (1997) and Grant & Bowen (1998) discerned high h and moderate-to-low π in mtDNA left-domain controlregion sequences of sardine and anchovy populations, which are pelagic in surface waters throughout their life history and are much more r-selected than are continental slope fishes (Eschmeyer et al . 1983 ). This type of distribution of genetic variability in the control region (high h and moderate π ) was also discerned by Bremer et al . (1995 Bremer et al . ( , 1996 for swordfish, which have pelagic larvae and remain pelagic throughout their lives (Collette et al. 1984) . High h suggests large, stable, effective population sizes over time in the continental slope fishes. The contrasting values for h and π describe populations that contain a large number of closely related haplotypes (see Grant & Bowen 1998) , as indicated in the NJ tree (Fig. 2) . It has been postulated that the large number of haplotypes, separated by only one or few mutations, may be produced by rapid expansion of the population after a period of low effective population size, rapid population growth enhancing the retention of new mutations (Avise et al. 1984; Rogers & Harpending 1992; Grant & Bowen 1998) . It is possible that temperature fluctuations during the Pliocene and Pleistocene glaciations and interglacial periods may have significantly affected pelagic Dover sole larval survival and recruitment to adult populations, altering effective population sizes. During favourable times for larval survival and recruitment, population rebounds and a high mutation retention rate may have produced large numbers of closely related haplotypes, as have been found in other marine fishes (summarized by Grant & Bowen 1998) . If a 2% per million years (Myr) molecular clock calibration is employed for the mtDNA control region, which appears to be an average rate for fishes (see Bernatchez et al. 1992; Bernatchez & Danzmann 1993; Stepien & Faber 1998) , the majority of Dover sole haplotypes on the NJ tree (Fig. 2) diverged within the previous 500 000 years, supporting differentiation during the Pleistocene Epoch.
Nucleotide diversities (dxy) among sampling locations for Dover sole were similar, averaging 0.014 ± 0.0007 ( Table 2 ), indicating that variation among sites was almost the same as that within them. Analogous results were obtained for short-and long-spine thornyheads (Stepien unpublished) . Shulman & Bermingham (1995) also found that π was approximately the same as dxy for shallow-water reef fishes in the Caribbean Sea. Similarity between π and dxy characterizes populations with relatively high dispersal and gene flow (Nei 1987) . A large number of closely related haplotypes, large effective population sizes and a similar amount of variation within and among sites characterized the continental slope fishes, including the Dover sole (this study) and thornyheads (Stepien unpublished) .
Population genetic divergence and phylogeographical patterns
The present results revealed significant genetic divergences in Dover sole among several of the sample sites along the continental slope with the reduced haplotype data set and the haplotype clusters on the NJ tree (Tables 5 and 6 ). Both types of analyses, including those between the Alaska and Oregon sites vs. Monterey Bay, Morro Bay and San Diego, supported six pairwise site divergences. In both types of analyses, relationships among sites appeared to be more consistent with the hypothesis of larval retention (Sinclair 1988) than with isolation by geographical distance. Divergences among sites and degree of divergences did not agree for some sites in the reduced-character vs. the haplotype-cluster analyses. Discrepancies may be a result of greater phylogenetic (and phylogeographical) noise in the haplotype-cluster approach, as evidenced by the low bootstrap support for most clusters. The northerly and central sites were more divergent from the other locations, and the most southerly sites (Morro Bay and San Diego) did not significantly differ from each other in the reduced-character or haplotypecluster analyses (Table 5) . Lack of consistency with the isolation-by-distance model was revealed by greater divergence between some of the more closely spaced sites and lack of divergence in others with the reducedcharacter data. For example, haplotypic representation of the Alaskan site was not different from Oregon or northern California (Table 5 , Fig. 3 ). Such lack of divergence may be a result of gene flow or, alternatively, an artefact of limited stochastic lineage sorting (Avise 1994) . The location in northern California was similar to Morro Bay and San Diego. Lack of divergence among the southerly sites may suggest that larvae that drift down the California Current seed the southerly areas and that their adults have less reproductive success, as hypothesized by J. R. Hunter (Southwest Fisheries Science Center, National Marine Fisheries Service, personal communication).
Geographical divergences observed among sites in the present study may be the result of barriers to larval dispersal, their retention in currents and gyres ( Fig. 1 ; Sinclair 1988) , and benthic migrations of newly settled larvae (Butler et al. 1996; Toole et al. 1997) , which should be examined more specifically. According to the reducedhaplotype data (Table 6A) , larval retention was most pronounced in the central California region around Monterey Bay. The Monterey Bay continental slope area is characterized by cold water seeps and distinctive geological and physiographical features (Barry et al. 1996) , which may enhance larval retention. Studies of the distribution of postsettlement late larval stage Dover sole indicate that they actively migrate along the continental slope to specific inshore nursery areas (Butler et al. 1996; Toole et al. 1997) , suggesting the behavioural mechanism for larval retention.
Some migration and haplotype exchange appears to occur between the Alaskan Gyre and California Current systems because some Alaskan haplotypes were found at several places in the NJ tree ( Fig. 2 ; others were groupedas in cluster 'E') and not all pairwise comparisons of reduced-character haplotype distributions were significantly different (Table 6A ). Reduced-character data and analysis of tree clusters supported geographical divergences among many sites (Tables 5 and 6A ,B), despite the extended pelagic larval period and the homogeneous habitat of the adults. Pearcy et al. (1977) hypothesized that interacting current systems serve to maintain the majority of continental slope fish larvae within areas favourable for settlement, which appears to be consistent with the present results. The long larval-development phase of Dover sole (Markle et al. 1992; Butler et al. 1996) may be necessitated by the amount of time required to descend to appropriate depths and track currents to appropriate adult habitats. The ability to track currents may favour larger larvae that have greater musculature development. There is some evidence that Dover sole larvae may delay metamorphosis and settlement to the bottom if favourable conditions are not present (Pearcy et al. 1977; Markle et al. 1992) . Such ability to delay metamorphosis may be an adaptation to maximize return of planktonic larvae to appropriate areas housing adult populations (Victor 1986) .
Transport from north to south in the surface waters of the California Current (Fig. 1 ) during egg and early larval stages may be counteracted by transport from south to north in the countercurrent (Huyer et al. 1989) during the later larval stages, as hypothesized by Butler et al. (1996) and consistent with the present results. Most older Dover sole larvae have been collected near the shore and near the benthos (Butler et al. 1996; Toole et al. 1997) , where north-flowing undercurrents are found along the bottom over the mid-and outer continental-shelf areas (Huyer et al. 1989) , suggesting a mechanism for them to counteract earlier southerly drift. Distributions of restricted haplotypes in the present study (Fig. 2 , Tables 5 and 6A) appeared to be consistent with barriers to larval dispersal between currents and offshore gyres (Fig. 1) , limiting gene flow among some sites. For example, the offshore gyre pattern off Monterey Bay in central California (Fig. 1) , and its unique physiographical and geological features (Barry et al. 1996) , may facilitate larval retention, resulting in genetic divergence among the distributions of reduced-character haplotypes (Table 6) . Samples from the Cape Mendocino, northern California site were not genetically different from the two most southerly sites (Morro Bay and San Diego), but were significantly divergent from the geographically closer sites of Cape Arago, Oregon and Monterey Bay. The Cape Mendocino area may 'lose' more larvae to offshore southerly transport via the California Current. The relationship of current patterns to the genetics of larval year classes should be examined further, to elucidate these questions.
Alternatively, these patterns of genetic differences may be regulated by temperature-related selection on larval survival. Surface water temperatures differ significantly among the primary biogeographical regions, and distributions of marine fish larvae appear to be sensitive to such boundaries (see Stepien & Rosenblatt 1991) . However, the primary divisions in this data set occurred among individual sites and did not correspond to the surface-temperature biogeographical provinces. Sites located in the same province were not necessarily more closely genetically related and did not show the same patterns (Tables 5 and 6 ; Fig. 3 ). This conclusion may be tested by comparing genetic characters between early larval stages in the surface waters vs. later larval and juvenile stages in deeper waters, and their relationships with adult populations. If Dover sole genotypes are panmictically distributed during early life-history stages, but display significant differences in later stages, then genetic patterns may be caused by selective survival as predicted by the member-vagrant (Sinclair 1988 ) hypothesis of retention. The member-vagrant hypothesis states that the number of population genetic units should be equivalent to the number of discrete larval retention areas over the species' range (Sinclair 1988 ), which should be tested further. For example, the relationship of population genetic types to possible larval retention areas and habitat utilization were recently examined for the anadromous rainbow smelt by Bernatchez & Martin (1996) and Pigeon et al. (1998) . The present study on Dover sole and investigations of continental slope thornyheads (Stepien 1999) and smelt (Bernatchez & Martin 1996; Pigeon et al. 1998) indicate that the member-vagrant hypothesis (Sinclair 1988) , which has attracted relatively little attention to date, may be important in explaining population genetic structure in various ecosytems.
Larval retention may be particularly important in species with the potential for wide dispersal during early life-history stages, but which have adults that are restricted to specific types of habitats, as occur in species inhabiting the continental slope and other deep-sea regions. In comparison with the Dover sole, mtDNA sequences from the control region of the sympatric short-and long-spine thornyheads showed similarly high genetic variability and some geographical patterning (Stepien unpublished) . Significantly greater population structure was resolved in the thornyheads from mtDNA control region sequences than was found in allozyme studies by Siebenaller (1978) . In contrast to the present results, another continental slope fish-the orange roughy Hoplostethus atlanticus-showed little population divergence in allozymes, mtDNA restriction fragment length polymorphisms (RFLPs) and nuclear random amplified polymorphic DNA (RAPD) markers across its wide range; including samples from the Tasman Sea, the southwest Pacific Ocean and the northeast Atlantic Ocean (Smith 1986; Smith et al. 1997) . The orange roughy may have low larval retention, in contrast to results for fishes of the northeastern Pacific slope. More similar to the present study, Wilson & Waples (1984) discerned geographical patterns (suggesting subspecieslevel separation) from allozyme data among populations of the deep-sea abyssal grenadier Coryphaenoides armatus, which also has pelagic larvae. Significant fine-scale population genetic structure has also been found in mtDNA sequences from deep-sea benthic invertebrates with pelagic larvae, such as western North Atlantic continental slopeand-rise populations (separated by 134 km) of the protobranch bivalve Deminucula atacellana (Chase et al. 1998) . These examples indicate that population genetic structuring in the deep sea may be relatively common despite apparent capability for wide dispersal during pelagic early life-history stages. Factors regulating larval recruitment to adult populations, and the habitat distribution and requirements of the reproductive populations, need to be examined comprehensively to evaluate the membervagrant hypothesis.
Conclusions
Dover sole and thornyhead populations of the northern Pacific continental slopes are heavily exploited by trawling (Low 1991; Rogers & Pikitch 1992) , rendering data on their genetic variability and population structures critically important (Fig. 1) . The present investigation and the companion study of the thornyheads (Stepien unpublished) with mtDNA control region sequences show that there is more population structure along the deep continental slope than was suspected previously (Siebenaller 1978; Stepien 1995; Smith et al. 1997) . The results appear to be consistent with the member-vagrant hypothesis (Sinclair 1988 ) of pelagic larval retention in currents and gyres, and selection of recruitment habitat by species that are benthic as adults. Surface currents, larval behaviour and successful recruitment thus may produce phylogeographical patterns in deeper sea regions, such as the continental slope. Bermingham & Moritz (1998) recently commented that 'one of the many challenges lying ahead (to the study of phylogeography) is the comparative phylogeographical description of marine species, owing in part to the vast and disjunct geographical scale of many marine populations (Shulman & Bermingham 1995; Palumbi 1997) ' . The results of the present study indicate that marine populations that have been regarded as genetically homogenous, such as those in deeper sea regions, may house considerable structure. Wyllie JG (1966) 
